The results of recent transport measurements in the spindensity wave (SDW) state of the Bechgaard salts (TMTSF)? [X = PF,, AsF,, SbF,, or (AsF,)(, -x,(SbF6)x] are summarized. The weak nonmagnetic disorder introd u d by the alloying of two kinds of anions increases the depinning threshold by up to 3 orders of magnitude. The damping of the low-£requency phase mode decreases exponentially with increasing temperature and saturates at a constant value determined by the disorder at high temperatures. The dc nonlinear conductivity disappears at low temperatures, and this behavior is not explained by the increasing damping. From Hall effect measurements we find a strong coupling between the SDW and normal electrons.
Introduction
In the density wave @W) ground states [charge-density wave (CDW) and spin-density wave (SDW)] the translational symmetry of the electronic system is broken by the formation of a static, periodic modulation of the electronic density for each spin direction [1, 2] . The immediate consequence of the broken translational symmetry is that the DW interacts with the defects of the crystal lattice. Moreover, because the long range order is diagonal, rather than off-diagonal like in superconductors, the fluctuations of the phase of the DW order parameter correspond to charge fluctuations, consequently the Coulomb effects are very different in DWs and superconductors. The two kndamental consequences of these interactions are .the pinning of the phase of the DW to the crystal lattice and the damping of the phase excitations.
Both pinning and damping can be studied by transport measurements. The current-voltage characteristics become nonlinear at a threshold electric field which is directly related to the pinning force. An alternative measure of the pinning force is the inverse of the static dielectric constant. The damping of the lowfrequency phase excitations are characterized by the mean dielectric relaxation rate, or by the excess dc conductivity in a given electric field above the depinning threshold.
In this paper we review the results of extensive transport measurements in the only model systems of collective SDW response, the Bechgaard salts (TMTSF)pF, [X = PF,, AsF,, etc.] . The effect of disorder is studied in the solid solutions (TMTSF),(AsF,)(, _,~(SbF,),. Although this weak nonmagnetic disorder has no significant effect on the metallic transport, it dominates the properties of the collective-mode SDW transport: the depinning threshold increases by up to 3 orders of magnitude. We observe a crossover in the SDW damping fiom a temperature-independent region at high temperatures to an exponentially temperature-dependent low-temperature region. As seen by Hall effect measurements, when the SDW is depinned, the transport by the thermally excited quasiparticles also becomes nonlinear as a fbnction of the electric field. We discuss these findings in terms of the interaction of the SDW with defects and thermally excited quasiparticles.
SDW pinning
For CDW's, it is well established that the main source of pinning is the interaction of the DW with point defects of the crystal lattice [I] . The direct analogue of this pinning for the SDW case is the pinning by 2 Low-temperature threshold field as a function of the SbF, concentration in the series (TMTSF),(AsFJ(, -,)(SbF,),.
localized magnetic moments. However, it has been predicted [3] that nonmagnetic defects also pin the phase of the SDW and this mechanism is expected to be dominant.
A very strong perturbation of the conducting chains is the destruction of the TMTSF molecule by highenergy irradiation. The effect of radiation defects on the depinning threshold of SDW's in (TMTSF),PF, has been studied recently by Kang et al. [4] , and-in agreement with the expectations-they find a strong linear increase of the threshold field with the defect concentration. The opposite limit, probably the weakest controllable disorder in any density wave system is realized by the solid solution of two kinds of isoelectronic, isosteric anions with slightly different size in the series (TMTSF),(AsF,)(, _,,(SbF,), [5, 6] . Moreover, in contrast to the radiation defects which are known to be magnetic [7] , the anion disorder is not expected to create localized magnetic moments.
The temperature dependence of the threshold field ET for samples with 3 different SbF, concentrations is shown in Fig. 1 . The threshold field decreases with decreasing temperature, and saturates at about 4 K, i.e., 113 of the SDW transition temperature T, = 12 K, in qualitative agreement with previous findings [8] and with the generalized Fukuyama-LeeRice theory of Maki and Virosztek [9] . Figure 2 shows the threshold field as a function of the SbF, concentration x. ET is the same in the "pure" systems x = 0, 1, but up to 3 orders of magnitude higher for intermediate x values. The fact that ET has the same temperature dependence for all members of the series indicates that the mechanism of pinning does not change with increasing disorder. It is clear from Fig. 2 that the dependence of ET on the defect concentration is superline&; the large scatter in the data, however, does not allow to infera power-law exponent.
In conclusion, we have demonstrated a strong increase of ET due to weakly perturbing nonmagnetic point defects.
SDW damping
We have charaterized the low-frequency SDW damping y both by the nonlinear dc conductivity and by the low-frequency dielectric response as a function of temperature and disorder in the series (TMTSF),(AsF,)(,-,,(SbF,), [5, 6] . From the nonlinear conductivity, we define the quantity 3 Arrhenius plot of the normal conductivity a, (dashed line), together with the SDW conductivity inferred from the nonlinear dc conductivity, eDW (circles) and from the low-frequency dielectric response, qDW (crosses).
FIG. 4 The high-temperature SDW conductivity (large circles) together with the depinning threshold (filled small circles) as a function of the SbF, concentration in the series (TMTSF),(AsF,)(, ,,(SbF,),.
In Fig. 3 we compare the temperature dependence of a , , eDW, and eDW. In a limited temperature range 2 K < T < 4 K, both eDw and <DW follow the temperature dependence of a,. Above 4 K, a , , , becomes temperature independent. Below 2 K, the scaling between a, and o -& , continues to hold, but eDW decreases faster than the other two quantities.
The scaling om cc on, also found in CDW systems [lo] , is well understood [I 11 : at the origin of the DW damping in this region is the Coulomb interaction between the DW and the thermally excited quasiparticles. Because of the random pinning, an electric field induces inhomogeneous phase deformations, i.e., also charge fluctuations in the DW. These charge fluctuations are screened by the normal electrons. If the screening is complete, i.e., the temperature is not too low and the frequency is not too high, the dissipation by the screening currents leads to a damping proportional to the resistivity of normal electrons o i l .
Below a crossover temperature T,, m 2 K, the behavior of &Aw changes abruptly: at low temperatures gDW decreases faster than a,, consequently the nonlinearity of the current-voltage characteristics disappears. This crossover is not accompanied by any change in the threshold field or in the static dielectric constant [12] : both quantities are constant between 1.5 and 4 K. Neither is any change in the magnetic structure of the SDW as seen by NMR [13] and pSR [14] measurements.
The fact that no change is observed in the behavior of the dielectric relaxation at the temperature of the crossover in eDw, moreover, the normal conductivity at T,, is as high as 5 Slcm (i.e., only two orders of magnitude smaller than at room temperature) rules out the possibility that the "freezing out" of the nonlinearity is due to the fkeezing out of the normal conductivity. We propose instead-based on the different behavior of eDw and 4DW below TI-that the system becomes spatially inhomogeneous at low temperatures. If a small fraction 17 of the sample volume is strongly pinned, the dielectric constant is multiplied by 1 -17 only, but because of the very anisotropic nature of the SDW sliding, the nonlinear conductivity may be much more strongly influenced.
At q, ~5 :
4.5 K another crossover occurs in the SDW conductivity: above T,,, qDW is temperature independent. osDw in the temperature-independent region decreases fast with increasing defect concentration, and in the same time T,, shies to lower temperatures. This behavior suggests that at high temperatures, where the damping by the quasiparticle screening currents is small, another mechanism-determined by the SDW-defect interaction-takes over. In Fig. 4 we compare the high-v, (mv> temperature SDW conductivity to the depinning threshold in the series (TMTSF),(AsFJ(, -,,(SbF,),; within error, u s , , , scales with E,. The overall temperature dependence of the damping y is then written as where a and fi are independent of temperature and defect concentration. For T > T, the first term, for T > T,, the second term dominates.
Nonlinear quasiparticle transport
It is often assumed in the analysis of transport measurements that the transport coefficients of the thermally excited normal electrons are the same in the pinned and depinned DW state. This assumption can be tested by the examination of transport coefficients to which the DW does not contribute. No DW contribution is expected for example to the Hall effect because of the strictly one-dimensional nature of the density wave transport, or to the Seebeck and Peltier effects, as the entropy transport by the DW is negligible. The experiments clearly indicate in all the three above cases (Refs. [15, 16,171 , respectively) that the transport coefficients do become nonlinear when the DW is depinned.
In Fig. 5 we demonstrate the nonlinear quasiparticle transport by Hall effect data [IS] in the SDW state of (TMTSF),PF,. As the Hall voltage V, is proportional to the normal current, the nonlinear VH vs. V curve indicates that the normal current also becomes nonlinear when the SDW is depinned. The simplest system of equations that accounts for the phenomenon is the following:
Here nn is the density of normal electrons, B is the magnetic field, and the density wave slides in the x direction. The normal conductivity is taken isotropic for simplicity. The last terms in Eqs. (2a) and (2b) describe the interaction between the sliding density wave and the normal current: the DW current induces a backflow of quasiparticles and vice versa. In the Hall effect measurements the current is forced along the x direction, and the transverse field E, is measured with B perpendicular to the x-y plane. From Eqs. (2) we obtain which is nonlinear, as illustrated in Fig. 5 , because of the nonlinearity of j , , .
The data of Fig. 5 are well described bv an electric-field-inde~endent backflow coefficient a = 0.2.
A system of equations similar to Eqs. (2) has been first set up and investigated by Boriack and Overhauser [19] for metallic CDW systems where the Peierls transition removes a small part of the Fermi surface only. Later Artemenko and Kruglov [20] revisited the problem more carefully and predicted a positive a in Eq. (2a) for insulating CDW's. Their logic is briefly the following: If we consider a DW sliding with a velocity V, the quasiparticle spectrum in the sliding frame is the same as the spectrum for a static DW. However, the spectrum in the crystal frame (obtained by Galilei transformation) is different: the gap is displaced in the momentum space and becomes slightly smaller. The situation is different from a sehicondictor in which the gap is not at the center of the ~rillouin zone, because the sliding density wave breaks the time reversal symmetry, and the quasiparticles at the gap carry a finite momentum, i.e., drift with the DW in real space. In the absence of defect scattering, these drifting quasiparticles do not contribute to the transport coefficients because of the exact electron-hole cancellation. The defect scattering, however, modifies the quasiparticle distribution, and leads to a change in the transport coefficients proportional to the sliding velocity V.
The baseline of the above arguments for our discussion is that the change in the quasiparticle drift velocities is in the order of the DW drift velocity I/. In the following, we show that this effect gives a backflow coefficient orders of magnitude smaller than observed in the experiments. In a typical experiment, the current carried by the DW is of the same order of magnitude as the quasiparticle current, but the density of condensed electrons is much higher than the density of normal electrons. In our example, (TMTSF),PF, at T = 4.2 K, Hall effect measurements give a normal electron concentration n, -lom4??, where n is the total electron density. This value is in good agreement with the density calculated using a gap A = 20 K. The fact that despite their low concentration, the quasiparticles carry the same current as the DW indicates that the quasiparticle drift velocity is 4 orders of magnitude higher than the sliding velocity. Therefore the backflow coefficient from the Artemenko-Kruglov mechanism is in the order of 10-4, in contrast to the observed a -0.1. The discrepancy is even more serious in magnetic-field-induced spindensity waves where a = 0.8 has been obtained [ZI].
It is easy to see that the Coulomb interaction between the SDW and the normal electrons-not considered by Artemenko and Kruglov-may also lead to quasiparticle backflow. If a SDW charge packet propagates along the conducting chains (e.g. in form of a propagating SDW dislocation loop), it carries along the screening normal electrons which appears as a backflow in transport measurements. If the spatial separation of these charge packets is large, this mechanism can give a backilow coefficient close to 1.
Conclusion
We have shown, that the pinning of the SDW is strongly enhanced by a large concentration of weakly perturbing nonmagnetic point defects.
The damping of the low-frequency phase mode shows a crossover from a low-temperature region where the damping is determined by the quasiparticle screening currents to a high-temperature region where the damping is dominated by the SDW-defect interaction. The temperature dependence of the crossover together with magnitude of the high-temperature damping suggest that the crossover results from the different temperature dependence of the two mechanisms and not from a phase transition [22, 23] in the SDW. We believe that the same crossover in phason dynamics is reflected in the crossover in the NMR spin-lattice relaxation rate [22, 24] . We note that no theory explains the observed temperatureindependent damping; the only theoretical study [25] of the effect of defect scattering on the damping predicts y a exp (-A / T) .
Hall effect measurements indicate that the quasiparticle transport also becomes strongly nonlinear when the SDW is depinned. This nonlinearity is interpreted in an interacting two-fluid model. The measured coupling between the SDW and normal electrons, however, is much larger than obtained from the kinetic theory of Artemenko and Kruglov [20] . Coulomb effects may enhance the backflow coefficient.
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